Biosynthesis and folding of multidomain transmembrane proteins is a complex process. Structural fidelity is monitored by endoplasmic reticulum (ER) quality control involving the molecular chaperone calnexin. Retained misfolded proteins undergo ER-associated degradation (ERAD) through the ubiquitin-proteasome pathway. Our data show that the major degradation pathway of the cystic fibrosis transmembrane conductance regulator (CFTR) with F508del (the most frequent mutation found in patients with the genetic disease cystic fibrosis) from the ER is independent of calnexin. Moreover, our results demonstrate that inhibition of mannose-processing enzymes, unlike most substrate glycoproteins, does not stabilize F508del-CFTR, although wild-type (wt) CFTR is drastically stabilized under the same conditions. Together, our data support a novel model by which wt and F508del-CFTR undergo ERAD from two distinct checkpoints, the mutant being disposed of independently of N-glycosidic residues and calnexin, probably by the Hsc70/Hsp70 machinery, and wt CFTR undergoing glycan-mediated ERAD.
Biosynthesis of functional proteins aimed at the cell surface involves transport through a series of membranous compartments, the first of which is the endoplasmic reticulum (ER), where they encounter the appropriate environment for folding, oligomerization, maturation, and export from the ER. However, folding of such proteins, particularly of multidomain transmembrane proteins, in the highly crowded macromolecular environment of the cell is a complex process. The export of these proteins from the ER to the Golgi is tightly coupled to the acquisition of a native conformation, as proteins that fail to fold properly, or that do not form the correct oligomeric structures, are recognized as abnormal, leading to ER retention, retrotranslocation, and ultimately cytoplasmic degradation by the ubiquitin (Ub)-proteasome pathway. This phenomenon has been described as ER quality control (ERQC) and is believed to be a characteristic of all eukaryotic cells (for a review, see reference 10). It was first postulated as the calnexin cycle (16) and later described as similarly involving calreticulin for lumenal ER substrates (38) . ERQC functions as a protective mechanism, since it prevents abnormal proteins from clogging the secretory pathway and/or the accumulation of nonfunctional molecules at the cell surface (10) .
The mechanism starts when oligosaccharyltransferase adds to newly synthesized proteins with Asn-X-Ser/Thr consensus sequences that are cotranslationally inserted into the ER a branched 14-unit oligosaccharide (a process described as N glycosylation) containing two N-acetylglucosamines (N-AcGlc), nine mannoses (Man), and three glucoses (Glc). This glycan moiety is first recognized by glucosidases I and II (GI and GII, respectively), which trim the three glucose residues sequentially, and the intermediate monoglucosylated oligosaccharide structure is then recognized by the lectins calnexin and/or calreticulin, which also play a role as molecular chaperones by interacting with the attached polypeptidic chain of the client protein to promote its folding (10) . Dissociation from calnexincalreticulin coincides with trimming of the third glucose residue by GII. If the polypeptide is folded at this stage, it proceeds to the secretory pathway. However, misfolded glycoproteins are specifically recognized as such by UDP-glycoprotein glucosyltransferase, which reglucosylates them (37) . This makes the glycoprotein substrate once more recognizable by calnexin-calreticulin, and it undergoes rounds of binding to these lectins, folding, and de-and reglucosylation, remaining in the ER until it is folded. There are thus only two ways out of the ERQC. The first, if the protein is folded, is through ER exit sites, by binding to specific cargo receptor molecules for sorting into COPII-coated vesicles destined for the Golgi apparatus. As an alternative way out, in the case of prolonged association of misfolded substrate with calnexin-calreticulin, the protein is sent for proteasomal ER-associated degradation (ERAD) (10) . It is generally accepted that ERAD involves retrotranslocation, i.e., the export of glycoproteins from the lumen or the membrane of the ER into the cytoplasm through a translocation pathway, somewhat similar to the "forward pathway" involving the Sec61 translocation complex, before proteins to be degraded become substrates of the Ub-proteasome system (47) . Although the mechanism of substrate delivery to the translocon is still unclear, there is recent evidence that N-linked glycans play a role in the selective targeting of misfolded glycoproteins to ERAD through interaction with the lectin EDEM (ER degradation-enhancing ␣-mannosidase-like protein; Htm1/Mnl1p in yeast) (21) . Such a mechanism proposes that the selection of misfolded glycoproteins among folding intermediates is based on the length of time that the glycoprotein spends in the ER and that the glycoprotein substrate is marked for degradation upon mannose trimming of its Nlinked glycan moiety (for reviews, see references 5 and 17). In the case of prolonged acquisition of a folded conformation, the glycoprotein GlcNAc 2 -Man 9 -(Glc 1 ) oligosaccharide becomes a substrate of ER mannosidase I that specifically removes the terminal mannose from the middle branch (branch B), transforming it into GlcNAc 2 -Man 8 -Glc 1 (also called Man8B-isomer), which functions as the predicted proximal signal for translocon delivery and ERAD (5) .
Accordingly, EDEM was shown to accelerate the degradation of misfolded glycoprotein substrates when overexpressed (32, 35) .
Although it has been clearly demonstrated that the N-linked glycan plays a role in the proper folding and quality control of at least some glycoproteins in eukaryotes from yeast to mammals, the diversity of ERAD substrates makes it hard to envision the existence of a unique degradative pathway. Indeed, recently multiple mechanisms have been reported to target different substrate proteins through distinct degradative pathways (4, 27, 44, 50) . Among the alternative degradation pathways, some are described as independent of calnexin but involving the ER chaperone calreticulin (4) or BiP (44) . Another alternative pathway was found to be independent of cytosolic components but sensitive to either tyrosine phosphatase blockage or ER mannosidase I inhibition (27) . Examples of substrates following such alternative pathways are mutant variants of ␣1-antitrypsin (4), carboxypeptidase Y (27) , and tyrosinase (44, 50) . Other degradative pathways of glycoproteins may involve rhomboid intramembrane proteins (48) or a yet-uncharacterized proteasome-independent and nonlysosomal pathway (27) .
Recently, the concept of a multiple checkpoint surveillance mechanism operating simultaneously for the quality control of glycoproteins has emerged (50) . Moreover, based on data from glycoproteins containing distinct misfolded domains, it was suggested that it is the site of the lesion that determines the degradative pathway of the protein substrate (after ER-toGolgi transport if on a lumenal domain or through the static retention of ERAD substrates in the ER) when lesions occur in a cytosolic domain (20, 50) . This proposed mechanism, together with the apparent contradiction as to whether calnexin promotes or prevents the degradation of bound glycoprotein substrates (2), indeed suggests that multiple pathways may operate in the degradation of secretory proteins.
The cystic fibrosis (CF) transmembrane conductance regulator (CFTR) protein, a product of the gene that is mutated in the genetic disease CF, is a polytopic integral membrane protein, a member of the ABC transporter superfamily, with two nucleotide binding domains (NBD1 and -2), two membranespanning domains (1 and 2), and a highly hydrophobic large regulatory (R) domain reported to possess multiple phosphorylation sites (6) . CFTR is localized at the apical membrane of epithelial cells, where it functions as a chloride (Cl Ϫ ) channel regulated by ATP and protein kinase A (6). CFTR processing depends on the cell type (49), but it can be a rather inefficient process, as in some heterologous expression systems only ϳ25 to 30% of synthesized wild-type (wt) CFTR reaches its correct location at the plasma membrane (53) , in contrast to other ABC transporters, like MDR or MRP (26) . For the most common CF-causing variant, deletion of phenylalanine 508 (F508del) in the amino-terminal NBD1, the process is even less efficient, as the protein is unable to fold correctly and to traffic to the cell membrane, being mostly retained in the ER, where it is targeted for Ub-proteasomal degradation (22, 23, 40, 54) .
As CFTR synthesis is initiated at the ER, the nascent polypeptidic chain is associated with the cytosolic molecular chaperones Hsp90 (26), Hsc70/Hdj-2 (30) , and Hsp70/Hdj-1 (12) , and following N glycosylation (at asparagine residues 894 and 900), it also interacts with calnexin (39) . Calnexin was previously shown to form complexes with both wt and F508del-CFTR, but the latter were found to be more stable (39) , suggesting a role for this lectin chaperone in the ER retention of the mutant. Other authors, using a viral expression system to overexpress calnexin, reported that it increases the pool of F508del-CFTR at the ER and suggested a possible mechanism through the attenuation of ERAD (36) . More recently, a study describing curcumin, an inhibitor of ER calcium pumps, as an effective agent to correct the F508del-CFTR trafficking defect proposed that the mechanism involved occurs through the partial inactivation of calnexin caused by a decrease in intracellular calcium levels (9) . Although apparently discrepant, as for other substrates (2), these data suggest that calnexin has some function in the ERQC of CFTR, but a direct role of calnexin in folding and/or degradation of CFTR has not been demonstrated.
In this study, we looked at the in vivo involvement of calnexin and of the N-glycan moiety of CFTR on its ERQC (folding and degradation). For that purpose, we modulated calnexin levels inside the cell and treated CFTR-expressing cells with different inhibitors of enzymes responsible for processing of the glycan moiety. Moreover, we genetically engineered both wt CFTR and F508del-CFTR in order to replace the consensus N glycosylation residues and studied the degradation and processing of the resulting glycosylation-incompetent proteins.
MATERIALS AND METHODS
Site-directed mutagenesis. Replacement of asparagine residues at positions 894 and 900 (corresponding to N-glycosylation sites) with alanine and glutamine residues (mutants N894,900A and N894,900Q, respectively) was performed using the QuickChange Site Directed Mutagenesis kit (Stratagene, La Jolla, CA). pNUT-wt-CFTR and pNUT-F508del-CFTR were used as templates for PCR mutagenesis. All sequences were confirmed by automatic DNA sequencing (ABI Prism 3100; Applied Biosystems, Foster City, CA).
Cell culture and transfections. Chinese hamster ovary (CHO) and baby hamster kidney (BHK) cell lines stably transfected with wt or F508del-CFTR were cultivated as described previously (12) . The nontransfected BHK cell line was cultivated as previously described (12) . Stable transfections of BHK cells with CFTR mutants N894,900Q and N894,900A were performed as described previously (41 Antibodies. The following Abs were used: mouse monoclonal anti-CFTR M3A7 Ab, generated against CFTR amino acids 1197 to 1480 (Chemicon, Temecula, CA; MAB3480); rabbit polyclonal anti-CFTR Ab, generated against a glutathione S-transferase fusion protein containing CFTR residues 1 to 79; monoclonal anti-calnexin AF8 antibody (18) ; polyclonal anti-calnexin carboxyl terminus (StressGen, Victoria, BC, Canada; SPA-860); and polyclonal anti-EDEM ER1 and ER2 antibodies (35) .
Western blotting. To assay for calnexin expression, cells stably expressing wt CFTR or F508del-CFTR were transfected as described above. The cells were lysed, and samples were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto nitrocellulose filters as described previously (12) . The filters were probed with the anti-human calnexin specific AF8 monoclonal antibody or anti-calnexin polyclonal antibody. Blots were developed using the ECL detection system (Amersham Biosciences, Uppsala, Sweden).
Pulse-chase and immunoprecipitation. Twenty-four hours posttransfection, or after the desired period of incubation with the corresponding drug, cells expressing wt or F508del-CFTR were starved for 30 min in methionine-free medium and then pulsed for 30 min in the same medium supplemented with 150 Ci/ml [ 35 S]methionine. After being chased for different time periods in medium supplemented with fetal bovine serum and 1 mM of nonradioactive methionine, the cells were lysed in 1 ml RIPA buffer and the immunoprecipitation (IP) was carried out as previously described (22), using either the polyclonal N-terminal Ab or the M3A7 monoclonal Ab and protein G-agarose beads. Immunoprecipitated proteins were eluted and electrophoretically separated on 7% (wt/vol) polyacrylamide gels (12) . Fluorography, densitometry, and statistical analyses of data were performed as previously described (11, 12) . Quantification of the core-glycosylated form of wt or F508del-CFTR at a given chase time was estimated as a percentage given by the ratio of the amount of the form (band B) at that chase time (P) over its amount at chase time zero (P 0 ), i.e., at the end of the pulse period.
Sequential immunoprecipitations. Cells were first lysed in chaperone buffer [50 mM Tris, pH 7.4, 150 mM NaCl, 10 mM (NH 4 ) 6 Mo 7 O 24 , 0.09% (vol/vol) NP-40] and incubated overnight with the first Ab. Protein G-agarose beads (25-l packed volume) were added, and incubation continued for a further 4-h period. After being washed with lysis buffer, the proteins were eluted from the beads in 1% (wt/vol) SDS for 1 h at 37°C (26) . These eluates were then adjusted to the composition of RIPA lysis buffer for a second IP, which was carried out as described above.
Cell surface biotinylation and immunoprecipitation. After treatment with CAS or DMM for 72 h (to account for recycling of all membrane CFTR), cell surface biotinylation was performed as described before (13) . Briefly, cells were cooled down to 4°C, washed with phosphate-buffered saline (PBS) containing 1.0 mM MgCl 2 and 0.1 mM CaCl 2 (PBS c/m), and incubated for 30 min with sodium periodate (10 mM) in the dark. The cells were again washed with PBS c/m and labeled with 2 mM biotin-LC-hydrazide (Pierce) in 100 mM sodium acetate (pH 5.5) for 30 min. These labeled cells were washed with PBS c/m and lysed in 1 ml of RIPA buffer containing a cocktail of protease inhibitors. After biotinylation and lysis, samples were divided into two equal aliquots and IP was carried out with both anti-CFTR Ab and protein G-agarose. One of the IP aliquots was then eluted from the beads using Laemmli sample buffer without bromophenol blue and diluted 10-fold in RIPA buffer, and the biotinylated fraction was captured using avidin-Sepharose beads (Pierce). Both total CFTR and biotinylated CFTR were then in vitro phosphorylated using [␥-
32 P]ATP (NEN) and cyclic AMP (cAMP)-dependent protein kinase (Promega) as described previously (13) . Turnover and processing of wt and F508del-CFTR were thus studied at 24 h posttransfection with the calnexin construct by metabolic radiolabeling followed by IP with an anti-CFTR Ab.
RESULTS

Turnover and processing of wt and
The decay rate of the immature form of wt CFTR was found not to be significantly altered after calnexin transfection relative to mock-transfected cells ( Fig. 2A , compare the disappearance of band B in lanes 7 to 12 with lanes 1 to 6, and C).
The turnover rate of core-glycosylated F508del-CFTR, however, is increased after calnexin transfection (Fig. 2B , compare the disappearance of band B in lanes 7 to 12 with lanes 1 to 6, and D). This increased turnover rate was found to be statistically significant in results from four independent experiments (12) .
As for the efficiency of wt CFTR maturation, no significant change occurs under calnexin overexpression ( Fig. 2A , compare band C in lanes 7 to 12 with lanes 1 to 6, and E). Similarly to non-calnexin-transfected cells, no maturation of F508del-CFTR is observed after calnexin transfection (Fig. 2B , no band C in lanes 7 to 12). Therefore, the increased turnover observed for band B of F508del-CFTR does not correspond to an increase in its processing efficiency, so we conclude that it results from an increased degradation rate.
Direct interaction between calnexin and CFTR was assessed by sequential IP after mock and calnexin transfections (Fig.  2F) . The results show that calnexin associates with both wt and F508del-CFTR in either mock-or calnexin-transfected cells ( Fig. 2F ) and that the observed levels are increased by approximately twofold in the latter cells (Fig. 2F , top, compare lanes 1 and 3 to lanes 2 and 4).
Turnover and processing of wt and F508del-CFTR under down-regulation of calnexin levels by RNAi. In order to study CFTR turnover and maturation under reduced calnexin levels, the same cells were transfected with RNAi duplexes specific for hamster calnexin mRNA (see Materials and Methods). Calnexin levels were assayed by immunoblotting as before, now using an Ab detecting hamster calnexin, after transfection Figure 3A shows a significant decrease (60 to 70%) in the levels of endogenous calnexin 24 h after RNAi transfection (lanes 3 and 7 to 60 pmol of RNAi duplex and lanes 4 and 8 to 120 pmol, in comparison with nontransfected controls in lanes 1 and 5). Calnexin levels after 48 h were very similar to those observed for 24 h posttransfection. At 72 h posttransfection, cell viability was severely decreased (data not shown). Figure  3B shows the same results graphically expressed as the percentage of endogenous calnexin present 24 h after transfection with different amounts of RNAi duplexes. We chose the dose of 60 pmol of RNAi duplexes and 24 h as the time posttransfection to study turnover and maturation of CFTR as the best compromise between cell viability and decrease of calnexin levels.
The results in Fig. 4 show that the turnover of either immature wt CFTR (Fig. 4A , band B in lanes 6 to 10, and C) or immature F508del-CFTR (Fig. 4B , band B in lanes 6 to 10, and D) is not significantly altered compared to the decay rates of these immature forms in the same cells treated with control RNAi duplexes (lanes 1 to 6 in Fig. 4A and B, respectively) .
However, the efficiency of processing of immature wt CFTR into band C evidenced a decrease (20 to 30%) under reduced calnexin levels (Fig. 4A , compare bands C in lanes 8 to 10 with lanes 3 to 5, and E). Although apparently modest, this decrease was shown to be statistically significant, suggesting a role for calnexin in the folding of wt CFTR and in its successful ERto-Golgi export.
Turnover and processing of wt and F508del-CFTR under castanospermine and 1-deoxymannojirimycin. In order to further clarify the roles of calnexin and of N-linked glycans in CFTR degradation and maturation, we treated cells with compounds that affect the trimming of N-linked oligosaccharides and hence also the interaction of substrate glycoproteins with calnexin. CAS, an indolizidine alkaloid, is a potent competitive inhibitor of both ␣-and ␤-glucosidases, thus inhibiting both GI and GII glycoprotein processing. Treatment with CAS therefore causes the accumulation of N-linked glycoproteins containing mostly oligosaccharides of the N-AcGlc 2 Man 7-9 Glc 3 type (46). This inhibitory effect prevents glycoproteins from interacting with calnexin that recognizes only the monoglucosylated moiety (see the introduction). DMM is described as a potent noncompetitive inhibitor of mannosidase I, blocking the synthesis of complex N-linked oligosaccharides (which require prior trimming of mannose residues) and causing the accumulation of glycoproteins bearing N-AcGlc 2 Man 9 structures. This inhibitory effect has been reported to force glycoproteins to interact with calnexin (46) .
Turnover of the immature form of wt CFTR (band B) is significantly decreased in cells treated with 1 mM CAS for 90 min (Fig. 5A, lanes 6 to 10) relative to its decay in untreated cells (Fig. 5A, lanes 1 to 5, and C) . In contrast, analysis of F508del-CFTR revealed that the turnover of the immature form (band B) is not significantly altered compared to the decay of this form in untreated cells (Fig. 5B , compare lanes 6 to 10 with 1 to 5, and D). As CAS inhibits processing of glycoconjugates (i.e., Golgi complex glycosylations), band C is not observed for wt CFTR under treatment with this compound.
Our results in Fig. 5 show that, under DMM, the immature form of wt CFTR is drastically stabilized (Fig. 5A , compare lanes 11 to 15 with 1 to 6, and C). In contrast, analysis of immature F508del-CFTR under DMM revealed that its turnover is not significantly altered by DMM (Fig. 5B , compare lanes 11 to 15 with 1 to 6, and D).
We next determined whether the accumulation of wt CFTR band B observed under CAS and DMM results from a net stabilization effect (i.e., inhibition of a degradative pathway) or simply from the inhibition of Golgi processing (since protein that was otherwise observed as band C is now visualized as band B due to the lack of complex glycosylation). We thus estimated the difference between the amount of band B detected after a 3-h chase under CAS or DMM and the total CFTR (band B plus band C) detected after the same period without any treatment.
The graph in Fig. 5E clearly shows that the total amount of wt CFTR detected under either CAS or DMM treatment is significantly higher than that of total protein under control conditions. Thus, the observed accumulation does not result from just a block in processing. Indeed, more CFTR band B is detected under CAS or DMM (25% and 36%, respectively) than the total CFTR (band B plus band C) present in cells 5) . Twenty-four hours posttransfection, the cells were pulse-labeled and chased as before (Fig. 2) for 0 h (lanes 1 and 6), 0.5 h (lanes 2 and 7), 1 h (lanes 3 and 8), 2 h (lanes 4 and 9), and 3 h (lanes 5 and 10). The cells were then lysed, immunoprecipitated with an anti-CFTR Ab, and analyzed as before (see the legend to Fig. 2 ) to determine the turnover of immature wt CFTR (C) and F508del-CFTR (D) and the processing efficiency of wt CFTR (E). The number of experiments and statistically significant differences are indicated as in Fig. 2 .
FIG. 5. Turnover of wt and F508del-CFTR under CAS and DMM. CHO cells stably expressing (A) wt CFTR or (B)
F508del-CFTR were treated with 1 mM CAS (lanes 6 to 10) or 1 mM DMM (lanes 11 to 15) or untreated (lanes 1 to 5). After a 90-min treatment, the cells were pulse-labeled and chased for 0 h (lanes 1, 6, and 11), 0.5 h (lanes 2, 7, and 12), 1 h (lanes 3, 8, and 13), 2 h (lanes 4, 9, and 14), and 3 h (lanes 5, 10, and 15). The cells were then lysed, immunoprecipitated with an anti-CFTR Ab, and analyzed as before (see the legend to Fig. 2 ) to determine the turnover of immature wt CFTR (C) and F508del-CFTR (D). (E) Percentage of total CFTR (band B plus band C) remaining at the end of the chase period in untreated cells compared with total band B in cells treated with either CAS or DMM. The number of experiments and statistically significant differences are indicated as in Fig. 2 . (F) Cell surface biotinylation followed by CFTR IP was performed to determine whether protein produced under CAS or DMM reaches the cell surface. CHO cells expressing wt or F508del-CFTR were incubated for 72 h with CAS or DMM. Cell surface proteins were biotinylated, and CFTR IP was carried out. Samples were divided into two equal portions, and biotin-labeled proteins were captured with streptavidin beads in one of the fractions. Total and biotinylated (membrane) CFTRs were then in vitro phosphorylated using [␥- 32 P]ATP and cAMP-dependent protein kinase. Ten percent of total immunoprecipitated CFTR (lanes 1 to 4) and all immunoprecipitated membrane CFTR (lanes 5 to 8) were subjected to SDS-PAGE and fluorography. Band B of wt CFTR produced under CAS or DMM could be clearly detected in the membrane fraction.
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on September 8, 2017 by guest http://mcb.asm.org/ under control conditions. We therefore conclude that a real stabilization, i.e., inhibition of degradation, occurs under these treatments and thus a substantial proportion of wt CFTR degradation requires interaction with calnexin and mannose trimming of its glycan moiety. In contrast, since for F508del-CFTR no accumulation of the immature form was observed, we conclude that neither CAS nor DMM causes inhibition of its degradation. In order to determine whether wt CFTR band B goes to the membrane under CAS or DMM treatment, we carried out the cell surface biotinylation assay (Fig. 5F ). After treating cells expressing wt CFTR for 72 h with either CAS or DMM, glycoproteins present at the cell surface were biotinylated and CFTR was immunoprecipitated. CFTR present at the surface, and hence biotinylated, was then isolated from the immunoprecipitates with streptavidin beads.
The results from these biotinylation assays show that band B of wt CFTR produced under CAS or DMM (and thus lacking processed glycan structures) is present at the cell surface (Fig.  5F, lanes 6 and 7) .
Inhibition of F508del-CFTR degradation. To further clarify this failure of CAS and DMM in stabilizing F508del-CFTR, we tested whether inhibitors of different glycosidases, proteasome, or translation, alone or combined, cause stabilization of this mutant protein. Cells were preincubated, labeled, and chased for 3 h in the presence of each of the following compounds: CAS (see above); DNJ, another inhibitor of both GI and GII (4); DMM (see above); KIF, a specific inhibitor of ER-mannosidase I (4); SWN, an inhibitor of mannosidase II (4), used alone or combined with CHX, an inhibitor of protein synthesis; and the proteasome inhibitor MG132 (22) alone or combined with some of the previous compounds. The results were plotted as percentages of CFTR protein remaining after a 3-h chase and incubation with different compounds (Fig. 6) .
Stabilization of F508del-CFTR was evaluated as the difference between total CFTR present under control conditions and in the presence of each of the above inhibitors. Significant stabilization was observed either when treatment with DNJ, DMM, or KIF was combined with MG132 or when the proteasome inhibitor was used alone (Fig. 6 ). Although to a lesser extent, stabilization was also observed after incubation with DMM combined with CHX. The highest levels of stabilization achieved, however, were only ϳ50% of the initial amount of CFTR produced. None of the other conditions tested (CAS, DNJ, DNJ-MG132, DMM, DMM-CHX, KIF, or SWN) induced significant stabilization of the mutant protein. We therefore conclude that degradation of F508del-CFTR is not significantly mediated by its glycan moieties.
Stability of nonglycosylated CFTR. Because some of the inhibitors used here have been reported to inhibit glycosidases other than those for which they were initially reported to be specific, we also studied the impact of N glycosylation on wt and F508del-CFTR turnover using a genetic approach. As the N-glyconjugate is attached to asparagine residues 894 and 900 of CFTR, we replaced both these residues by either glutamine (N894Q and N900Q) or alanine (N894A and N900A) residues and studied the CFTR turnover of the resulting proteins on wt and F508del backgrounds when stably expressed in BHK cells as above.
The results show that the turnover of wt CFTR with either two alanines (WAA) or two glutamines (WQQ) is significantly increased (Fig. 7A , compare lanes 6 to 10 and 11 to 16 with 1 to 5), most probably corresponding to an increase in the degradation rate of the protein (Fig. 7C) . No band B or C (i.e., glycan-processed CFTR) is observed for these genetic variants due to the complete absence of N glycosylation (only band A, i.e., the primary polypeptidic chain of CFTR, is observed). Analysis of F508del-CFTR either with two alanines (FAA) or two glutamines (FQQ) revealed that the turnover of the two N glycosylation-deficient proteins is also significantly increased compared to cells expressing F508del-CFTR with the consensus asparagines residues (Fig. 7B , compare lanes 6 to 10 and 11 to 15 with 1 to 5, and D). These data, although reinforcing the role of N glycosylation on the (calnexin-mediated) folding and overall stability of wt CFTR, also support the existence of a glycan-independent ERAD pathway for CFTR.
Involvement of EDEM in the degradation of CFTR. In order to clarify the mechanism of CFTR degradation, we also investigated the possible involvement of EDEM. EDEM is a Man8B-binding protein that was previously shown to accelerate the degradation of misfolded client proteins in the ER like ␣1-antitrypsin, through its interaction with the transmembrane region of calnexin (32) . More recently, the yeast EDEM orthologue, Htm1p/Mnl1, was implicated in CFTR degradation when expressed in this model organism (15) .
Cells expressing wt and F508del-CFTR were transiently transfected with the EDEM cDNA alone or cotransfected with calnexin cDNA. Sequential IP with anti-CFTR antibody followed by anti-EDEM was performed. The results in Fig. 8A show that when EDEM is overexpressed alone or with calnexin, it coprecipitates with wt CFTR (Fig. 8A, lanes 2 and 3) . For F508del-CFTR, only a minor amount of EDEM associates with CFTR, but only when calnexin is overexpressed (Fig. 8A,  lane 6) .
As controls, direct IPs of CFTR and EDEM were also performed in mock-or EDEM-transfected cell lines stably expressing wt or F508del-CFTR. CFTR was detected both in mock-and EDEM-transfected cells (Fig. 8B) . EDEM could be detected only by IP in wt and F508del-CFTR-expressing cells after transient transfection with EDEM cDNA (Fig. 8C) .
DISCUSSION
Calnexin is a lectin chaperone that is able to bind newly synthesized client proteins to promote their folding, in part by preventing their incorrect aggregation in an unfolded intermediate conformation (3). It has been broadly implicated in the ERQC responsible for intracellular retention of misfolded or unassembled membrane glycoproteins (10, 16) . Monitoring of the folding status of transmembrane proteins possessing large cytoplasmic domains, like CFTR, has also been described as largely dependent on the folding machines in the cytoplasm, namely, Hsc70/Hsp70 and Hsp90 (12, 26, 30, 56, 60) . Although previous results from other authors have demonstrated the presence of calnexin in wt and F508del-CFTR complexes (36, 39) , a clear role of this ER chaperone in CFTR folding and/or degradation has not been demonstrated. Here, we assessed the contribution of calnexin in determining the fate of wt and F508del-CFTR to clarify the mechanism by which the cell monitors the conformation status of this transmembrane protein.
Our results demonstrate that when calnexin is overexpressed, the turnover of the ER-specific immature form of wt CFTR (band B) is not affected, nor is the efficiency of its processing into its post-ER, mature form (band C) (Fig. 2) . However, under the same conditions, our results show that the decay rate of the F508del mutant (band B) is significantly increased (Fig. 2) , with no maturation (no band C) observed. We therefore, conclude that increased calnexin levels cause the mutant protein to be more rapidly degraded.
Although other authors (36) have reported that calnexin overexpression partially attenuates ERAD of F508del-CFTR, these data have to be interpreted with great care because the authors used adenoviral transfections to overexpress calnexin. Indeed, viral infections in general, and adenovirus in particular, are strong inducers of misfolded or abnormal cellular proteins, which constitute very potent triggers of the stress response in mammalian cells, namely, stress-induced molecular chaperones (55) . Therefore, it is plausible to think that, besides calnexin, a number of other molecular chaperones (like Hsp70 and Hdj-1), whose levels were not assessed, are overexpressed under the experimental conditions used by those authors (36) . These chaperones are known to stabilize a number of substrates, including CFTR (12) .
Under down-regulated (by RNAi) levels of calnexin, how- on September 8, 2017 by guest http://mcb.asm.org/ ever, the turnover of immature forms of either wt or F508del-CFTR is not affected (Fig. 4) . Notwithstanding, the efficiency of processing of wt CFTR into band C is impaired (from 30% to 20%), in agreement with previously published data describing a decrease in steady-state levels of mature wt CFTR under calnexin down-regulation (36) . These observations confirm the chaperone role of this lectin in the productive folding of wt CFTR. The fact that after the intracellular levels of calnexin are lowered no change is observed in the turnover of F508del-CFTR suggests that the major ERQC checkpoint for this mutant is not calnexin dependent (58) . In order to obtain further evidence for the (lack of) involvement of calnexin in the ERAD of F508del-CFTR and also to assess the impact of the glycan moieties on CFTR degradation, we performed studies of CFTR stability under various treatments with different glycosidase inhibitors, CAS and DMM in particular (Fig. 5) . Treatment of mammalian cells with CAS, an inhibitor of GI and GII, has been reported to strongly stabilize several glycoprotein substrates, like apolipoprotein A, tyrosinase, and ␣1-antitrypsin (28, 51, 52) . It is generally accepted that this effect results from inhibition of N-glycan trimming and consequent prevention of substrate protein interaction with calnexin. DMM, on the other hand, a general inhibitor of ␣-mannosidases, was reported to cause an enhancement of calnexin interaction with glycoproteins, resulting in a block in ERAD of these protein substrates. Numerous reports in the literature have supported this stabilizing effect of DMM on multiple protein substrates entering the secretory pathway (28, 52) . Consistent with such data, our results show that treatments with either CAS or DMM cause a dramatic stabilization of wt CFTR (which is observed only as the coreglycosylated form, or band B, since both these inhibitors prevent Golgi processing of its glycan moiety). Some of this unprocessed wt CFTR, however, was found to be at the membrane (Fig. 5F ). Other authors had previously detected a cAMP-mediated Cl Ϫ conductance in cells treated with DMM (34) . Nevertheless, and as the total amount of wt CFTR obtained under either of these treatments is larger than the total of immature plus mature forms detected under physiological conditions (i.e., the sum of bands B and C), we conclude that both DMM and CAS bring about a net and effective stabilization of wt CFTR, i.e., they prevent wt CFTR delivery to ERAD.
Thus, data obtained under DMM are consistent with a model in which delivery of wt CFTR to ERAD is mediated by processing of its glycan moiety, possibly through the Man8B-mediated pathway, as suggested for other substrates (5). Stabilization of wt CFTR by CAS suggests that this degradative pathway is also calnexin dependent.
In striking contrast, F508del-CFTR is not stabilized when cells are treated with either of these drugs. As described above with calnexin RNAi studies, again these data strongly suggest that abrogating the interaction of F508del-CFTR with calnexin (CAS treatment) has no major (positive or negative) effect on ERAD of F508del-CFTR. Moreover, since inhibition of mannosidase I by DMM produces no stabilization effect on F508del-CFTR degradation, this excludes the glycan moiety (and the Man8B intermediate in particular) as the signal that targets most F508del-CFTR for ERAD, contrary to what was observed for several other glycoprotein substrates (5, 17) and here for wt CFTR.
Furthering an attempt to investigate how F508del-CFTR is degraded, we combined the use of several glycosidase inhibitors, namely, DNJ, equivalent to CAS as a blocker of GI and GII; KIF, an inhibitor reported to inhibit ER mannosidase I (the enzyme generating Man8 proteins) more specifically than DMM; and SWN, an inhibitor of mannosidase II. None of these compounds stabilizes the mutant protein (Fig. 6) . Stabilization of F508del-CFTR was observed only when these glycosidase inhibitors were combined with either the proteasome inhibitor MG-132 or the inhibitor of translation CHX. By inhibiting the proteasome, we observed only about 50% CFTR stabilization, in accordance with what was previously described (22, 54) and suggesting possible alternative degradation pathways. On the other hand, the observed stabilization under CHX treatment, an inhibitor of protein synthesis that "freezes polysomes" that are actively involved in translation, suggests that degradation of F508del-CFTR is mediated by a labile protein. Alternatively, degradation of F508del-CFTR could be coupled to active translation.
These data lead us to propose that most F508del-CFTR is excluded from the calnexin-folding cycle, although some may actually get there (Fig. 2F) . Most is probably sent for proteasomal degradation in an early intermediate conformational state and before interaction with calnexin. In fact, very recent data demonstrate that most F508del-CFTR is sent to premature degradation through an Hsc70-CHIP-Ub5H5a pathway while still bound to Hsc70 (57) . However, as we show here, when calnexin is in excess, F508del-CFTR may be forced to interact with this lectin chaperone (Fig. 2F) , resulting in the observed acceleration of its degradation rate. Similarly to what happens for other chaperones, namely, Hsp/Hsc70 (19, 29, 33) , calnexin would thus have a dual role, i.e., one in the folding of wt CFTR and another in its ER disposal (and, if in excess, of F508del-CFTR, too).
Furthermore, together, our data for wt and F508del-CFTR strongly support a model in which most of each form of this protein undergoes different degradative pathways or is conformationally assessed at distinct checkpoints (see below).
To further investigate the roles of Asn N-linked glycans in the degradation of CFTR, we abrogated its two glycosylation sites. Asparagine residues at positions 894 and 900 were replaced by either two alanines (N894A and N900A) or two glutamines (N894Q and N900Q). Our results show that the N glycosylation null mutants of both wt and F508del-CFTR are significantly more unstable than their glycosylation-competent counterparts (Fig. 7) . Such data support the important role of N glycosylation in the folding and in the overall stability of CFTR, as generally described (17) , although they are inconclusive for the mechanism of ERAD of CFTR. Moreover, these data strongly support the existence of an alternative, i.e., glycan-independent ERAD pathway for transmembrane proteins.
Since wt CFTR seems to undergo glycan-mediated ERAD, the possible involvement of EDEM in the degradation pathway of CFTR was also investigated. EDEM is an ER transmembrane protein which when overexpressed accelerates degradation of misfolded ␣1-antitrypsin and the ␤-site amyloid precursor protein BACE457 (32) . EDEM is reported to depend on VOL. 25, 2005 CFTR AND ER QUALITY CONTROL 5249
on September 8, 2017 by guest http://mcb.asm.org/ ER mannosidase I activity to generate the Man8B moiety and is involved in the critical step that directs the misfolded glycoproteins carrying such a glycan structure to ERAD. More recently, it was shown that the targeting of proteins to ERAD by EDEM occurs when client proteins are still bound to calnexin (32). Although we were able to detect EDEM in complexes of both wt and F508del-CFTR (only when calnexin is overexpressed simultaneously with EDEM), the latter was detected in reduced amounts in complexes of F508del-CFTR (Fig. 8) . These results are consistent with wt CFTR being a substrate to the EDEM/glycan-mediated pathway (15) while further supporting its exclusion as a major substrate for F508del-CFTR degradation (14) .
A partitioning between distinct disposal pathways was previously described for other substrates, like the PI Z variant ␣1-antitrypsin (27), for which it was proposed that misfolded mutant ␣1-antitrypsin is targeted for degradation at a different checkpoint that targets its misfolded wt counterpart for degradation. A similar mechanism may also exist for wt and F508del-CFTR.
Overall, the data shown here strongly support a model in which the ERQC of CFTR occurs via a two-step mechanism, i.e., with the protein conformationally assessed in the ER at least at two distinct checkpoints (Fig. 9) . Accordingly, the major degradation pathway for F508del-CFTR would occur through a calnexin-and glycan-independent pathway and, we postulate, before it interacts with calnexin. This model is in accordance with two previous reports describing the pathways involving the E2-ubiquitin-conjugating enzymes Ubc6p (24) and Ubc5H5a (57) as major degradative pathways for F508del-CFTR, the latter coupled to the E3 CHIP via Hsc70 interaction.
Which features would retain F508del-CFTR at this first ER checkpoint and allow wt CFTR to proceed to the calnexin control? Although the exact structural determinants will probably remain unidentified until the fine structure of the fulllength protein is known, wt CFTR has been reported to interact with and to have its translation facilitated by the chaperone Hsc70 alone (43) or with Hdj2 (30) or by Hsp70/Hdj1 (12), but it has also been reported to pass quickly through the Hsc70-mediated ERQC. We postulate that it proceeds to the calnexin checkpoint. In contrast, F508del-CFTR would be kinetically trapped at this first checkpoint. Indeed, it was shown that the earliest stage at which Hdj-2/Hsc70 could bind CFTR translation intermediates coincided with the FIG. 9. Proposed model for the major degradation pathways of F508del-and wt CFTR. (i) Synthesis of CFTR occurs with its concomitant insertion in the ER membrane and attachment of an Hsc70/Hdj-2 (or Hsp70/Hdj-1) pair to nascent cytosolic domains, as described previously (12, 30) . Other authors have described increased levels of Hsc70/Hdj-2 complexes with F508del-CFTR relative to wt CFTR and expression of NBD1 as the earliest point at which Hsc70/Hdj-2 could bind the nascent CFTR polypeptidic chain (30) . The same study reported that complex formation between Hdj-2 and nascent wt CFTR was greatly reduced after expression of the R domain, suggesting NBD1-R domain interaction as a critical point in CFTR folding. The cell thus seems to use this Hsc70/Hsp70 control as the first checkpoint to assess CFTR conformation, and we propose that it is the major mechanism to discard F508del-CFTR. Prolonged retention of unfolded F508del-CFTR by Hsc70 at this point enables CHIP to interact with Hsc70/Hsp70 (probably by displacing Hdj-2) and causes the mutant to be degraded through the Hsc70-CHIP-UbcH5a pathway (31, 57) . The E2 Ubc6 may also contribute to F508del-CFTR ERAD (24) . Contrary to what happens with F508del-CFTR, wt CFTR, for which NBD1-R intramolecular interaction and folding is achieved, proceeds in the folding pathway through interaction of its N-glycosyl residues (ii) with calnexin (iii). Wt CFTR acquires its native conformation through successive rounds of release-deglucosylation (iv) and rebinding-reglucosylation (v) to calnexin, which also constitutes the second ERQC checkpoint. Upon successful folding, CFTR exits the ER, proceeding through the secretory pathway (vi). However, prolonged presence in the calnexin cycle may cause misfolded CFTR to become a substrate of mannosidase I (vii). This enzyme trims mannose residues from the protein glycan moiety, possibly generating the Man8B glycan intermediate that is recognized by EDEM, which targets the client protein to ERAD (viii). We call this ER-degradative pathway GERAD, to indicate its dependence on the glycan moiety. According to this model, F508del-CFTR follows a major degradative pathway from the first (Hsc70-dependent) ERQC checkpoint, whereas misfolded wt CFTR undergoes proteolytic GERAD at the second (calnexin-dependent) one (see the text for a description).
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on September 8, 2017 by guest http://mcb.asm.org/ biosynthesis of NBD1 (where F508 is localized) (30) . Although it has recently been shown that Phe at position 508 sits at the surface of NBD1 (25) , probably playing a limited role in the stabilization of the protein in its native state, it has been suggested that it makes crucial contacts during the folding process of the whole protein (40, 45) . Indeed, formation of Hdj-2/Hsc70 complexes with nascent CFTR was shown to be greatly reduced after expression of the R domain. This suggests that the intramolecular NBD1-R-domain interaction, catalyzed by Hdj-2/Hsc70, is a critical step in the CFTR-folding pathway and that it is defective in the biogenesis of F508del CFTR (30) . More recently, however, it was proposed that deletion of Phe508 also disrupts folding of NBD2 and the NBD1-NBD2 interaction (8) . Interestingly, CHIP, also an Hsc70 binding protein, is able to switch its chaperoning activity from protein folding to protein degradation by mediating the covalent attachment of ubiquitin (E3 ubiquitin ligase activity) to chaperone substrate proteins (7, 31) . Indeed, CHIP was shown to induce degradation of immature CFTR by turning the Hsc70 molecular chaperone into a protein degradation factor (31) . Prolonged association of a substrate with Hsc70 can give CHIP the opportunity to displace Hdj-2 from the carboxyl terminus of Hsc70, perhaps by competing or otherwise altering the affinity of Hdj-2 to bind Hsc70 (7), thus creating a kinetic trap that targets the substrate protein to degradation.
Recently, HspBP1, yet another cochaperone of Hsp70, was shown to act as an inhibitor of CHIP by attenuating its ubiquitin ligase activity when complexed with Hsc70 (1). Furthermore, it was shown that HspBP1 is able to rescue misfolded CFTR from CHIP-induced degradation while stimulating its maturation (1) . In contrast, cysteine string protein (Csp), another J-domain-containing Hsc70-binding protein that also associates with membranes and is reported to stabilize the immature form of wt CFTR (59), could act by "freezing" its interaction with Hsc70, thus preventing both its interaction with other cochaperones and substrate release.
In summary, we propose a novel model (Fig. 9 ) in which the cell uses the first Hsc70-dependent checkpoint of ERQC to discard F508del-CFTR. One possibility is that a major difficulty in the folding of the mutant results from defective intramolecular NBD1-R-domain interaction that is detected cotranslationally by the Hsc70/Hsp70 machinery, which no longer releases the polypeptidic chain, enabling CHIP and degradation to take over Hdj-2 and folding-release (Fig. 9 ). In contrast, for wt CFTR, this intramolecular interaction would be achieved, and although a substantial amount of wt CFTR undergoes proteolytic degradation before being Golgi processed, the respective ERAD pathway involves its glycan moiety, calnexin, and probably EDEM. We call this Man8B-dependent ER-degradative pathway GERAD, to indicate its dependence on the glycan moiety. F508del-CFTR, due to prolonged retention by the Hsc70/Hsp70 machinery, which sends it for degradation at the first conformational checkpoint, would hardly be assessed at this second calnexin checkpoint. This model of ERQC for wt and F508del-CFTR does not exclude additional conformation checkpoints (namely, post-ER), which indeed have been proposed (42) .
